Simultaneous detection of rotational and translational motion in optical
  tweezers by measurement of backscattered intensity by Roy, Basudev et al.
Simultaneous detection of rotational and translational motion in optical tweezers by
measurement of backscattered intensity
Basudev Roy,1 Sudipta K. Bera,1 and Ayan Banerjee1
1Department of Physical Sciences, IISER-Kolkata, Mohanpur 741252, India∗
We describe a simple yet powerful technique of simultaneously measuring both translational and
rotational motion of mesoscopic particles in optical tweezers by measuring the backscattered inten-
sity on a quadrant photodiode (QPD). While the measurement of translational motion by taking
the difference of the backscattered intensity incident on adjacent quadrants of a QPD is well-known,
we demonstrate that rotational motion can be measured very precisely by taking the difference
between the diagonal quadrants. The latter measurement eliminates the translational component
entirely, and leads to a detection sensitivity of around 50 mdeg at S/N of 2 for angular motion of
a driven micro-rod. The technique is also able to resolve the translational and rotational Brownian
motion components of the micro-rod in an unperturbed trap, and can be very useful in measuring
translation-rotation coupling of micro-objects induced by hydrodynamic interactions.
Optical tweezers offer great versatility in the study
of mesoscopic systems since they can exert controllable
forces and torques on the trapped species. Particles
trapped in optical tweezers execute both translational
and rotational Brownian motion - however, the latter
does not have any measurable signature for symmetric,
non-birefringent particles. The rotational Brownian mo-
tion is more pronounced for particles having birefringence
[1], or in asymmetric particles due to unbalanced scat-
tering forces, which also may cause spontaneous rotation
[2]. Precise detection of the rotational motion is therefore
extremely important to determine the associated torque
both for measurement as well as for application and con-
trol. In addition, hydrodynamic interactions in a vis-
cous fluid induce a coupling between the translational
and rotational component of motion of a trapped micro-
object [3] which can be measured to obtain very useful
information about the nature of the interactions. Now,
translational motion is routinely detected by using fast
cameras or by position sensitive detectors [4] which can
quantify the change in the light scattered by a particle
as it moves. Rotational motion can be differentiated into
motion in a circular trajectory, and spinning about the
center of mass of the particle. The former has compo-
nents in the x and y directions which can be analyzed
using cross-correlation techniques [5] to determine the
trajectory. On the other hand, spinning is more diffi-
cult to detect and, other than a dynamic light scattering
based technique for anisotropic particles [6], is mostly
performed using polarization-based techniques presently.
These include detecting the change in angular momen-
tum of a circularly polarized trapping beam due to in-
teraction with a rotating birefringent trapped particle
[7], or by detecting the intensity modulation in a polar-
ization orthogonal to the input polarization due to ex-
citation of plasmonic resonances in metal nano-particles
[8]. Such techniques have also been extended to observe
rotational Brownian motion in birefringent particles [9],
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or in gold nanorods [8]. However, such polarized-based
techniques would thus have low sensitivity if the plas-
monic or birefringence properties are weak. Also, the
above-mentioned techniques usually do not address the
simultaneous measurement of the translational and ro-
tational motional components of motion. Such a mea-
surement is indeed reported in Ref. [3] with the use of
a cross-correlation based technique, but it again relies
on polarization properties of birefringent particles, and
would thus not work for non-birefringent species.
Here we report an alternative approach that relies on
differential detection of the back-scattered intensity from
an asymmetric particle without relying on its birefrin-
gence or plasmonic properties. The backscattered inten-
sity is measured on a quadrant photodiode (QPD) to
extract both the translational and rotational component
of motion simultaneously. While measuring the transla-
tion component of motion using QPD is very standard
[10], we demonstrate that the rotational component can
also be measured very accurately while almost entirely
suppressing the translational one. We perform experi-
ments on a polymer micro-rod, and demonstrate sensi-
tivity of around 50 mdeg in measuring angular motion
in a driven optical trap, thus giving unprecedented S/N
in detection of rotational motion. We also show that the
technique is able to measure both translational and ro-
tational Brownian motion of the micro-rod in a constant
optical trap, and could thus have intensive applications in
measurements of hydrodynamic interactions manifested
in the beating of cilia in bacteria [3, 11], or the motion
of trapped objects in active systems [12].
The measurement of motion of particles in a QPD re-
lies on changes in the scattered intensity of light from
the particle due its motion with respect to a detection
beam focused on it. For example, light scattered in the
backward direction off a rod shaped particle shows an
asymmetric intensity profile as shown in Fig. 1(a) (rod
dimensions 4 × 1 µm, scatter pattern calculated using
Lumerical - a commercial FDTD-based software). The
rod is aligned along the x axis and placed in a focused
laser beam having a waist size of 1 µm. As the particle
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2exhibits rotation and translation, the scattered pattern
is modified likewise (Fig. 1(a) 1 - 3). The scatter pat-
tern can be detected using a QPD, which has four quad-
rants A-D, as shown in Fig. 1. The translational motion
of the rod in the x axis is obtained by the operation
Strans = (A−B)+(D−C) = (A+D)−(B+C). On the
other hand, if we perform Srot = (A − B) − (D − C) =
(A+C)− (B+D), the common mode of the motion, i.e.
the translational motion in this case, gets canceled. For
rotational motion of the rod - which results in the rota-
tion of the scatter pattern about the center of the QPD
as well - the motion recorded in A-B is anti-correlated
to the motion along D-C. Thus the rotational signal gets
amplified upon performing Srot, which is nothing but the
difference of the sum of the diagonal quadrants. As we
show in Fig.1(b), Strans changes from a positive to neg-
ative maxima for translational motion whereas Srot is
zero, while Srot shows a cyclical behaviour for rotational
motion with Strans being zero in Fig. 1(c). Also, both
Strans and Srot display a linear behaviour for small values
of translation and rotation, respectively.
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FIG. 1. (Color online)(a) (1), (2), and (3) show a rod of di-
mension 4× 1 µm, illuminated at the center by a laser beam
of diameter 1 µm, oriented at (1) 0deg, (2) 45deg, and (3)
90deg to the polarization direction (x axis) of the beam. Cor-
responding scatter patterns showing scattered field intensity
are shown adjacent to the rod (x and y axes are in µm). (b)
Net signal from a QPD as the rod is translated by 1 µm across
the laser beam. The blue curve shows Strans, while the red
curve shows Srot. (c) The net signal from a QPD as the rod
is rotated by 90 deg across the laser beam.
Our experimental system is shown in Fig. 2. It is based
on a standard optical tweezers built around a Carl Zeiss
Axiovert.A1 inverted microscope with the trapping lasers
at 1064 nm, and detection laser at 670 nm. A small vol-
ume (around 30 µl) of an aqueous dispersion of polymer
micro-rods of size varying from 3× 0.5 to 6× 1.5 µm was
taken in a sample chamber made out of a cover slip stuck
by double-sided tape to a microscope glass slide. In the
experiment, a polymer micro-rod was held at two points
by two trapping beams focused using an objective lens
of numerical aperture (NA) 1.4. One of the beams was
taken from the first order of an acousto-optic modula-
tor (AOM) and was moved orthogonal to the axis of the
rod, while the other beam was kept fixed, thereby acting
as a pivot. This configuration gave the rod a small ro-
tational motion. Figure 3(a) shows a series of 3 images
of such rotational motion of a trapped rod of dimension
4 × 1 µm as the beam from the AOM was moved. The
rotation amplitude was around 5 degrees, which we cali-
brate from a frame by frame analysis of the rod motion,
using a 1 µm polystyrene bead as reference. The detec-
tion laser beam was overlapped with the pivot beam and
the change in scatter profile due to the motion of the
particle was imaged on a QPD. The QPD we use has
been extracted from a CD player head (chip Sony KSS-
213C) (see Ref. [13] for details) and gives independent
voltage outputs for each of the 4 quadrants. The QPD
signals are recorded using a National Instruments PCIe-
6361 data card, and the data was averaged for 5s at a
sampling rate of 40 kHz.
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FIG. 2. (Color online) Schematic of the experiment. ML:
Microscope lamp, GS: Glass slide, CS: Cover slip, MO: Mi-
croscope objective, DBS: Dichroic BeamSplitter, BS: 50-50
Beam splitter, TB: Trapping beam, DB: Detection beam,
QPD: Quadrant photodiode, AOM: Acousto-Optic Modula-
tor.
The first order beam from the AOM was moved pe-
riodically by modulating the voltage controlled oscilla-
tor (VCO) voltage and both Strans and Srot were mea-
sured simultaneously. A typical trace of Srot for sinu-
soidal modulation is shown in Fig. 3(b). The quanti-
tative differences in Strans and Srot are understood by
determining the power spectra of the signals as we show
in Fig. 3(c), in which case a square wave of frequency
2 Hz was used to modulate the VCO. We find that the
noise floor drops down by about one order of magnitude
in Srot (blue curve), while peaks appear at the rotation
frequency of 2 Hz, as well as higher odd harmonics since
we modulate with a square wave, which demonstrates the
sensitivity of this technique. The S/N of the fundamental
rotation peak was estimated by taking the ratio of height
of the peak in the power spectrum and the average of the
noise floor in the vicinity of the peak, and was calculated
to be around 200. Since this corresponded to a rotation
amplitude of 5 degrees, the detection sensitivity for this
micro-rod could be quantified to 50 mdeg at a S/N of 2.
When the AOM frequency is moved as a square wave,
the equilibrium orientation shifts suddenly and the rod
3(a) 
1 
Pm 
Pivot 
Moving 
point 
0.50
0.45
0.40
0.35
0.30
P h
o t
o d
i o
d e
 v
o l
t a
g e
 ( V
)
1.51.00.50.0
Time (s)
(b)
10-10
10-9
10-8
10-7
10-6
10-5
P S
D
 ( H
z )
1 10 100 1000
Frequency (Hz)
 QPD signal (A+B) - (C+D)
 QPD signal (A+C) - (B+D)
(c) 5
4
3
2
1
0A
n g
u l
a r
 d
i s p
l a
c e
m
e n
t  (
d e
g )
0.200.150.100.050.00
Time (s)
y0 = 6.5 ± 0.3
A=-6.1± 0.3
τ=0.016 ± 0.01
X0=0.115
y0 = -0.6± 0.1
A=5.2 ± 0.1
τ=0.03 ± 0.01
X0=0.031
(d)
FIG. 3. (Color online) (a) 1 - 3: Rotational motion of a rod
(4×1 µm) using two traps - one near the top serving as pivot
point, and the other lower down that was spatially modu-
lated by the AOM (dimensions in microns). (b) QPD signal
for Srot. (c) Power spectra (PSD: Power spectral density)
for Strans and Srot. Srot shows peaks at the rod rotation
frequency and higher harmonics generated due to the square
wave. (d) Exponential response of the rod due to the square
wave excitation (shown below the response). The time con-
stants of the rising and falling exponentials are different due
to the different trap stiffnesses at the two end locations.
follows. The dynamics is given by the following equation
Dt
dθ
dt
+ k1(θ − θ0) = Cη(t) (1)
Here, the Dr is the rotational drag coefficient, k the trap
stiffness and η(t) the delta correlated noise term that
generates random motion in the angular coordinate, and
C is a constant. This is satisfied by a decaying expo-
nential from one equilibrium position to another. Thus,
as the rod gets closer to the equilibrium orientation, its
velocity becomes slower. The time constant of this pro-
cess is
−Dr
k1
and is inversely proportional to the intensity
of the laser at the trapping spot. Figure 3(d) shows the
exponential decay of the angular orientation of the rod
given by Srot as the equilibrium point is shifted suddenly.
We fit to a function y = y0 + A exp (x− x0)/τ , where
we ignore the effects of the stochastic noise term of the
Langevin equation since each trace is the average of 20
individual datasets collected for 5s so that the effects of
the random fluctuations are reduced considerably. Even
otherwise, the fluctuations would merely have introduced
a noise band around the exponential without changing
its nature. We find that there are two different time
constants in the signal while going from one equilibrium
position to the other. This results from the difference
in the values of the trapping power at the extreme ends
of the moving beam due to the reduced efficiency of the
first order of the AOM as the VCO voltage is modified.
Thus, the trapping power at the start position of the
rod is 15 mW, which falls to 8 mW at the end position.
Now, since the time constant depends inversely upon the
angular trap stiffness, τ for the decaying exponential is
0.03± 0.01 s, while that for the rising one is 0.016± 0.01
s, which agrees well with the ratio of trapping stiffnesses
at the two ends, and gives a good consistency check to
our measurement technique. Using the value of the drag
coefficient for a cylindrical rod of the dimensions shown
in Fig. 3(a), we find that the angular trap stiffness is 10
nN nm/rad.
Note that any misalignment of the detection beam with
the pivot point, or any translation of the pivot point
itself, leads to coupling of rotational motion with the
translational one, which implies that there would be a
greater response obtained at the modulation frequency
in the power spectrum of the Strans signal. The power
spectrum of Strans thus yields a double Lorentzian that
can be understood as the solution to a set of coupled
Langevin equations, one for translational and the other
for rotational Brownian motion. A typical set of equa-
tions are given as follows
dx+ k1xdt+ k2θdt =
√
2Dtdtη1 (2)
dθ + k3θdt+ k4xdt =
√
2Drdtη2 (3)
where, k1 and k3 are the translational and rotational
trap stiffnesses and, k2 and k4 are the cross-coupling co-
efficients. The Dt and Dr are the corresponding diffu-
sion coefficients. Solving this set of coupled differential
equations yields the time series for the translational and
rotational positions of the particle. Since the rotational
and translational processes appear in the system together
with a weak coupling between them, they give rise to
independent Lorentzian responses simultaneously which
leads to a double Lorentzian in the power spectra, simi-
lar to that described in Refs. [14, 15] (data not shown).
Figure 4(a) shows such a double Lorentzian obtained ex-
perimentally giving a rotational corner frequency fcrot of
1.5±0.01 Hz and a translational corner frequency fctrans
of 15±1.2 Hz. To verify the efficacy of our technique, we
compare these values to the corner frequencies obtained
by fitting to the power spectra for the individual com-
ponents separately. For the rotational component, we fit
to the power spectrum of Srot (Fig. 4(b)), which shows
an order of magnitude reduction in amplitude compared
to Strans similar to Fig. 3(c). The corner frequency ob-
tained is 1.4 ± 0.1 Hz, which is in very close agreement
to that from Fig. 4(a). It is also clear that the trans-
lational component is almost entirely eliminated in this
measurement, which proves its usefulness in measuring
rotational motion. For measuring fctrans separately, we
revert back to the power spectrum of Strans, but start
the fitting from 5 Hz so as not to pick up the rotational
component at all. The value of fctrans we thus obtain
is 14.8 ± 0.2 Hz, which once again agrees with the value
obtained from the double Lorentzian fit. The fit ampli-
tudes Atrans (which give the values for the diffusion con-
stants after normalizing with the QPD sensitivity [10])
also agree well for the translational power spectra for
double and single Lorentzian fits. However, for the ro-
tational case, the Arot values from the double lorentizan
4and that from power spectrum of Srot are very differ-
ent since the QPD sensitivities for the signal modes vary
substantially. In addition, we also measure fcrot as a
function of laser power, which yields a straight line as is
shown in Fig. 4(d). This is quite expected since just as
the translational Brownian motion corner frequency in-
creases linearly with intensity, the same can be expected
for the rotational component [9].
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FIG. 4. (Color online) (a) Power spectrum of Strans with dou-
ble Lorentzian fit. (b) Power spectrum of Srot with Lorentzian
fit. (c) Power spectrum of Strans with Lorentzian fit from
x = 5 Hz so as to completely eliminate the rotational compo-
nent whose corner frequency is 1.5 Hz. (d) Variation of fcrot
with laser beam power (intensity).
In conclusion, we have demonstrated simultaneous
measurement of translational and rotational motion of
an asymmetric particle (a polymer micro-rod) in opti-
cal tweezers by the use of a single quadrant photo diode
without any change in experimental configuration. The
voltage output of all four quadrants is available to us, and
we take the difference of the sum of the adjacent quad-
rants for the translational motion, and that of the diag-
onal quadrants for the rotational motion. The latter is
demonstrated for the first time, and is remarkably sensi-
tive in picking up rotational motion while eliminating the
translational component. We demonstrate a sensitivity
of around 50 mdeg for rotational motion of the micro-rod.
Note that the sensitivity could be higher with particles
having higher refractive index contrast with respect to
the fluidic environment of the trap that would lead to
enhanced scattering. While high sensitive detection of
translational motion of trapped particles using a QPD
has already been demonstrated [16], our design could fa-
cilitate the measurement of rotational motion with the
same levels of sensitivity without relying on polarization
properties of the scattering particle. Such simultaneous
detection of rotational and translational motion could be
of use in the measurement of hydrodynamic interactions
where cross-correlation studies could lead to greater un-
derstanding of the complex motion of cilia and flagella.
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